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Triple Langmuir probes and emissive probes were used to measure the electron number density,
electron temperature, and plasma potential downstream of a low-power Hall thruster. The results
show a polytropic relation between electron temperature and electron number density throughout the
sampled region. Over a large fraction of the plume, the plasma potential obeys the predictions of
ambipolar expansion. Near the thruster centerline, however, observations show larger gradients of
plasma potential than can be accounted for by this means. Radial profiles of plasma potential in the
very-near-field plume are shown to contain large gradients that correspond in location to the
boundaries of a visually intense plasma region. © 2005 American Institute of Physics.
DOI: 10.1063/1.2145097I. INTRODUCTION
Many future space missions will use electric propulsion
systems for spacecraft station keeping, rephasing, and orbit
topping applications. One device particularly well suited to
many near-Earth missions is the Hall thruster due to its com-
bination of high reliability and high thrust density at moder-
ately high specific impulses. The Hall thruster is an annular
device in which a propellant, usually xenon, is ionized and
then accelerated by electrostatic forces to create propulsive
thrust. In this type of device, electrons from a thermionically
emitting hollow cathode proceed upstream toward a posi-
tively biased anode where they ionize the injected propellant.
A radial magnetic field imposed by an electromagnetic cir-
cuit impedes the motion of electrons toward the anode. The
magnetic-field strength is such that the electron gyroradius is
much smaller than the characteristic dimensions of the de-
vice, while the ion gyroradius is much larger. This arrange-
ment facilitates a strong axial electric field within the plasma
and provides for acceleration of the positively charged xenon
ions. Upon exiting the device, the ion beam is neutralized by
electrons from the hollow cathode, thus maintaining
quasineutrality within the plasma plume. The crossed electric
and magnetic fields cause electrons in the discharge chamber
to drift azimuthally, thereby creating a closed-drift electron
Hall current from which this type of thruster derives its
name. Figure 1 shows a cross-sectional view of a typical Hall
thruster.
One thruster of particular interest to near-term missions
is the Busek BHT-200 200 W class device, which is shown
in Fig. 2. A comprehensive effort to characterize the plume
properties of this engine has been undertaken.1–3 The plasma
density, electron temperature, and plasma potential profiles
in the plume of the BHT-200 were measured using a combi-
nation of electrostatic triple Langmuir probes and floating
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the vacuum chamber, Hall thruster, and diagnostic tech-
niques. The measured plasma properties are then discussed
in detail with particular emphasis on processes occurring
near the thruster centerline where the axial gradient of
plasma potential is larger than can be accounted for by am-
bipolar diffusion.
II. EXPERIMENTAL APPARATUS
A. Thruster
The Busek BHT-200 Hall thruster serves as the test ar-
ticle for these experiments and is shown in Fig. 2, which also
shows the coordinate system referred to throughout this ar-
ticle. An earlier version of this thruster was reported to op-
erate at an anode efficiency of 42% and a specific impulse of
1300 s while providing 12.4 mN of thrust at the nominal
operating condition.4 The thruster discharge channel has a
mean diameter of 21 mm and is approximately 8 mm in
width. A Busek 3.2-mm-diam hollow cathode is used as an
electron source for ionization of the xenon propellant and
neutralization of the resulting ion beam. Throughout the ex-
periments described here, the thruster was operated at nomi-
nal discharge conditions of 250 V and 0.80 A on anode and
cathode propellant mass flow rates of 0.83 and 0.10 mg/s,
respectively.
B. Vacuum facility
All experiments discussed in this article were performed
in Chamber 6 at the Air Force Research Laboratory AFRL.
Chamber 6 is a cryogenically pumped, 1.8-m-long
3.0-m-diam cylindrical, stainless-steel vacuum chamber,
which is described in detail elsewhere.5 This chamber pro-
vided a base pressure of 3.210−7 Torr as measured by a
cold cathode gauge. During thruster operation, the pressure
in the chamber rose to approximately 5.810−6 Torr cor-
rected for xenon.
© 2005 American Institute of Physics3-1
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The symmetric triple probe, originally developed by
Chen and Sekiguchi,6 is a convenient plasma diagnostic for
collecting large amounts of electron temperature and density
data due to the elimination of the voltage sweep required by
other electrostatic probes. Additionally, since the probe as a
whole floats, the disturbance to the ambient plasma is mini-
mized compared to single Langmuir probes, which draw a
net current from the discharge. The triple probes used for this
experiment consisted of three tungsten electrodes insulated
from each other by an alumina rod. Two separate probes
were used. For the larger probe, the diameter of each elec-
trode was 0.50 mm and the length extending past the end of
the alumina was 5.0 mm. A smaller probe consisting of
0.38-mm-diam, 3.8-mm-long electrodes was used in areas of
the plume where improved spatial resolution was desired. In
FIG. 1. A sketch of a typical Hall thruster acceleration channel. Note the
axis of symmetry.
FIG. 2. The BHT-200-X3 low-power Hall thruster and referenced coordi-
nate system. The origin of the coordinate system is located at the intersec-
tion of the thruster exit plane and the axis of symmetry.each case, the electrodes were aligned parallel to the thruster
axis and spaced approximately two electrode diameters
apart. The probes were sized to criteria that allowed the stan-
dard assumptions of probe theory to be applied.7 Further, it
was assumed that the electrodes were sufficiently separated
to avoid interaction with each other and that the spatial gra-
dients of plasma properties were sufficiently small to ensure
that all three electrodes were exposed to identical plasmas.
The limited areas where this last assumption is questionable
are discussed in more detail below. Probe dimensions mea-
sured before and after the tests described here revealed no
changes in probe dimensions as a result of exposure to a
streaming plasma.
The method of data analysis used to derive plasma prop-
erties from raw probe data has been described in detail
elsewhere.8 Various previously published error analyses indi-
cate that the absolute uncertainties in the calculated electron
temperature and number density for typical triple probes are
generally less than 30% and 60%, respectively.6,9 The rela-
tive uncertainty between two data points recorded using the
same probe is believed to be significantly lower than the
absolute uncertainty because many potential sources of error
i.e., uncertainty in probe dimensions, slight asymmetry of
the electrodes, etc. remain constant over the entire spatial
region.
D. Emissive probe
Plasma potential measurements were conducted using a
floating emissive probe similar to the one described by Haas
and Gallimore.10 The emitting portion of the probe consisted
of a loop of 0.13-mm-diam tungsten filament, the ends of
which were inserted into double bore alumina tubing along
with 0.51-mm-diam molybdenum wire leads. Short lengths
of tungsten wire were inserted into the alumina tube to en-
sure contact between the emitting filament and molybdenum
leads. The diameter of the emitting filament loop was ap-
proximately 3 mm and the normal to the plane of the loop
formed by the emitting filament was oriented in the X direc-
tion shown in Fig. 2.
The emissive probe is a widely used plasma diagnostic
whose operation is based on the premise that a thermioni-
cally emitting filament in a low-temperature plasma will ap-
proach the local plasma potential when its emitted electron
current is sufficient to neutralize the plasma sheath.11 In ac-
tuality, the floating potential of the emissive probe remains
slightly below the true plasma potential due to space-charge
saturation of the sheath. For heavy ions, such as xenon, Ye
and Takamura have shown that the difference between the
probe potential and the true plasma potential can be as much
as 1.03 times the local electron temperature in eV.12 In the
far field of the Hall thruster Z50 mm, the error induced
by this mechanism is less than 3 V, while in the very near
field the absolute error may be as much as 5 V.
For this experiment, the current necessary to heat the
probe was provided by a programmable power supply with
floating outputs. At each location in the plume, the current
was steadily increased and the potential with respect to
ground at the negative terminal of the power supply was
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defined plateau in the voltage-current trace indicating satura-
tion of the plasma sheath. Considering that the voltage drop
across the emitting filament never exceeded 6 V, the poten-
tial was measured at the negative terminal of the probe, and
the electron temperature over the majority of the plume was
less than 3 eV, the absolute uncertainty in the plasma poten-
tial measurements is estimated to be −3 and +8 V. The rela-
tive uncertainty between data points obtained using the same
probe is believed to be significantly smaller than this value
because the main source of uncertainty, the 5 V potential
difference across the emitting filament, remained nearly con-
stant over the entire sampled range. The relative uncertainty
between data points is therefore conservatively estimated to
be ±2.0 V in the far field Z50 mm and ±4.0 V in the
near field Z50 mm. This uncertainty is dominated by
variations in electron temperature that can influence the
small potential drop across the sheath surrounding the emit-
FIG. 3. Color online. Electron number density a and electron tempera-
ture b measured in the far-field thruster plume using the large triple probe.ting filament.III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Triple probe
The larger triple probe was used to measure the electron
number density and electron temperature at 5 mm intervals
in the far-field Hall thruster plume. These data were taken in
a plane perpendicular to the thruster face the XZ plane in the
coordinate system shown in Fig. 2 and are presented in Fig.
3 for axial locations 50–150 mm downstream of the thruster
exit plane. Figure 3a shows a well-defined jet structure
with a peak plasma density greater than 11018 m−3 along
the centerline of the thruster 50 mm downstream of the exit
plane. The density falls off rapidly in both the downstream
and transverse directions and is shown to decrease to less
than 1.51017 m−3 on centerline just 150 mm downstream
of the thruster. The electron temperature distribution, dis-
played in Fig. 3b, shows a similar structure to the plasma
density plot with maximum temperatures occurring on cen-
terline and decreasing in both the axial and transverse direc-
tions. The electron temperature varies between 1 and 2 eV
over the majority of the displayed area and increases to
nearly 3 eV along the thruster centerline at a distance of
50 mm.
In order to study the processes that occur near the cen-
terline of the Hall thruster plume, measurements were taken
in the near field using the smaller triple probe. Figure 4
shows electron number density and electron temperature data
obtained at intervals of 1 mm in the X direction and 5 mm in
the Z direction. These plots show several interesting features.
FIG. 4. Color online. Near-field electron number density a and electron
temperature b measured with the large triple probe. Note that the density
contours are distributed exponentially for clarity.The high-density core seen in the far-field data is very pro-
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electron temperature core alluded to previously is the domi-
nant feature of Fig. 4b. In the very near field, the electron
temperature was found to exceed 5 eV while the peak
plasma density reached approximately 41018 m−3.
Although the data presented in Fig. 4 are believed to be
accurate, a word of caution is necessary regarding the level
of uncertainty in the very-near-field data. As mentioned pre-
viously, a fundamental assumption in the derivation of the
governing triple probe equations is that all three electrodes
comprising the triple probe are exposed to identical plasma
properties.6 Near the thruster centerline and close to the dis-
charge channel exit plane, the measured electron temperature
and number density change over such a short distance that
this assumption is not justified for this region of the plume.
Figures 5a and 5b show normalized traces of the electron
number density and electron temperature, respectively, mea-
sured at various locations downstream of the thruster face
using the small triple probe. The data in each curve are nor-
malized by the maximum value recorded at the given axial
Z location. These traces show that both the electron tem-
perature and number density appear to change by as much as
20% over a distance of just 1 mm near the plume centerline
at the upstream end of the sampled region. Considering thatthe electrodes of the small probe are separated by approxi-
mately 2 mm, it can be said that the identical plasma as-
sumption becomes tenuous near the thruster centerline. The
absolute uncertainty in the plasma parameters is therefore
greater in this region than throughout the remainder of the
plume, although the trends and approximate scale of the data
presented here are still believed to be representative.
B. Emissive probe
Figure 6 shows plasma potential measurements taken in
the XZ plane of the thruster at axial locations ranging from
50 to 150 mm downstream of the exit plane. These data
were recorded at 5 mm intervals in both the X and Z direc-
tions. Like the density and electron temperature, the plasma
potential is highest near the thruster centerline and falls off
rapidly in the radial, or X, direction. At 50 mm downstream,
the plasma potential reaches a maximum of approximately
20 V along centerline and falls to less than 5 V at the bound-
aries of the sampled region. By 150 mm downstream, the
peak plasma potential decreases to less than 10 V with re-
spect to the grounded vacuum chamber.
Near-field plasma potential measurements recorded
FIG. 5. Normalized electron density a and tempera-
ture b measured with the small triple probe. Note the
short distances over which large changes occur near the
thruster centerline.20–40 mm downstream of the thruster exit plane are pre-
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seen to increase sharply near the thruster centerline, espe-
cially at short distances downstream of the exit plane. The
data taken 20 mm downstream, for example, show an in-
crease of roughly 8 V over a radial distance of approxi-
mately 2 mm. Assuming that this structure is axisymmetric,
the physical size of the probe must again be taken into con-
sideration. It should be noted that the diameter of the emit-
ting filament loop is approximately 3 mm and hence is only
marginally smaller than the width of the observed high-
potential core. However, this does not qualitatively change
the result that a region of high plasma potential appears
along the thruster centerline and that the rise from the value
in the surrounding plasma occurs over a relatively short dis-
tance. It does, on the other hand, imply that the apparent
width of the high-potential region should be considered a
rough approximation since slight misalignment of the probe
in the Y direction could cause the core to appear narrower
than it would appear to a perfectly aligned, infinitely small
probe. For the purposes of comparison, plasma potentials
inferred from triple probe data according to Eq. 1 Ref. 6
are shown in Fig. 7b, where a high-potential core similar to
that shown in Fig. 7a can be seen. In Eq. 1,  represents
plasma potential, Vf represents floating potential, and me and
mi represent electron and ion masses, respectively:
Vp = Vf +  kbTe
e
ln	2me
mi
1/2 exp− 12
 . 1
IV. ANALYSIS AND DISCUSSION
One of the most critical aspects associated with integrat-
ing a Hall thruster onto a spacecraft is the need to understand
the spatial evolution of the plasma plume properties such that
their effects on critical components can be quantified and
predicted. In light of this requirement, there are three inter-
esting aspects of the data presented above that merit furtherdiscussion: the relationship between the electron temperature
and plasma density, the rate of change of plasma potential in
the far field, and the unexpected jump in plasma potential
that appears near the thruster centerline in the very near field.
A. Equation of state
Figure 8 shows the correlation between the measured
electron temperature and number density in the near-field
plume. Data are shown for axial locations of 20, 30, and
40 mm downstream of the thruster exit plane. Also shown in
Fig. 8 is a fit to the empirical data of the form given by Eq.
2, which can be derived from a simple thermodynamic
equation of state.13 In Eq. 2, C is an arbitrary constant and
 represents the effective polytropic index. As shown in Fig.
8, a value of approximately =1.3 gives the best fit to the
experimental data. The fact that =1.3 yields the best fit is
interesting because it falls approximately halfway between
the two limiting values that one could make reasonable ar-
guments to expect a priori: =1 for isothermal electrons and
=1.67 for adiabatic compression of a cold monatomic fluid.
That the observed value falls between these limits suggests
that the expansion of the plume occurs too slowly and with
too frequent collisions for the electrons to remain strictly
isothermal, but too quickly for the purely adiabatic value to
hold. In other words, the time scale associated with the
plume expansion appears to be somewhat less than the time
required for the plasma to come into complete thermody-
namic equilibrium:
Te = Cne
−1
. 2
B. Axial plasma potential gradients
The second interesting aspect of the data presented in the
previous section is the evolution of the plasma potential in
the thruster plume, which can be studied in the context of the
14,15
FIG. 6. Color online. Plasma potentials measured in
the thruster plume using a floating emissive probe.steady-state generalized Ohm’s law given by Eq. 3. In
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B is the magnetic-field strength,  represents the plasma re-
sistivity, and pe is the electron pressure given by Eq. 4. The
current density j is the sum of contributions from ion and
electron components as given by Eq. 5, where quasineutral-
ity has been assumed and ui and ue represent ion and electron
axial velocities, respectively.15 In the use of Eq. 3 rather
than the electron fluid momentum equation, it has been im-
plicitly assumed that the electron-neutral collision frequency
is small compared to the electron-ion collision frequency and
that the xenon neutral velocity is small with respect to the
electron fluid velocity. Although the magnetic field plays a
critical role in the internal plasma structure of the Hall
thruster, it has been shown that beyond approximately
50 mm downstream of the exit plane, the magnetic-field
strength is less than 5 G 0.5 mT and the ratio of kinetic
pressure to magnetic pressure is greater than 4.5 Further, in
this region of the plume, the magnetic-flux lines have been
shown to be nearly axial in direction such that the radial field
strength approaches zero.5 For these reasons, the terms in-
volving the magnetic-field strength in Eq. 3 can be omitted
when studying the evolution of plasma parameters in the
axial Z direction. The result can then be written in the
FIG. 7. Radial profiles of plasma potential measured in the very near-field
plume using a an emissive probe and b a triple probe. Note the large
gradients visible at Z=20 and Z=30 mm.differential form of Eq. 6:E + v B = j + 1
nee
j B − pe , 3
pe = nekbTe, 4
j = neeui − ue , 5
d = − jdz + 1
nee
dpe. 6
The plume of a Hall thruster is generally considered to
be a currentless region where electrons migrate downstream
at the same density and velocity as the beam ions. In this
case, the first term on the right-hand side of Eq. 6 vanishes
and the plasma potential can be approximated to be that
which exactly cancels the electron pressure gradient. Figure
9 shows plasma potential data recorded at various radial X
locations from the plume centerline as a function of axial
distance Z downstream of the exit plane. These data are
compared to predictions made according to Eq. 6 with the
j term neglected by starting with a measured value of
plasma potential at the upstream end of the sampled range as
a boundary condition. A simple marching algorithm is then
used to calculate the axial variation of plasma potential based
on the measured plasma density and electron temperature.
Predictions made in this manner are labeled “Predicted j
=0” in Fig. 9.
The measured plasma potential along the thruster center-
line declines more rapidly than can be explained by purely
ambipolar effects, as evidenced by the consistent overpredic-
tion that results from application of Eq. 6 with j=0 in Fig.
9a. As the radial distance from the thruster centerline is
increased, the measured plasma potential and the prediction
based on ambipolar expansion begin to agree more closely,
and by X=25 mm the two values agree to within 0.5 V,
which is well within the measurement uncertainty, over the
entire axial distance, as shown in Fig. 9c. The magnitude of
the error in the ambipolar prediction method is illustrated by
Fig. 10, which shows the overprediction of plasma potential
at various radial positions as a percentage of the measured
FIG. 8. The correlation between electron temperature and plasma density in
the plume of a low-power Hall thruster.local plasma potential. It is interesting to note that between
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0	X	10 mm, the overprediction percentage tends to in-
crease with downstream distance, and the magnitude of the
overprediction is largest near the thruster centerline. Outside
of this narrow central region i.e., for X10 mm, the mea-
sured and predicted plasma potential values agree to within
approximately ±10% and there is no apparent trend toward
increasing or decreasing error with axial distance. The source
of the deviation between measured and predicted values near
FIG. 9. Measured and predicted values of plasma potential as a function of
axial location for radial distances from the thruster centerline of a 0 mm,
b 10 mm, and c 25 mm.the thruster centerline remains unexplained.C. Large radial potential gradients
The final notable features of the data presented above are
the large radial gradients of plasma potential that are appar-
ent near the thruster centerline in the very-near-field plume.
These features are readily visible in Fig. 7 at axial distances
of 20 and 30 mm downstream of the thruster exit plane, but
are not apparent in data recorded further downstream. Cau-
tion must be used when assessing the data in these regions
due to the aforementioned similarity between the physical
size of the probe and the apparent dimensions of the high-
potential region. Despite this limitation, the relatively large
change in measured plasma potential and the short distance
over which it occurs are striking. Also notable is the apparent
correlation between the location of this large potential gradi-
ent and the highly luminescent region of the plume that can
be seen directly downstream of each thruster in Fig. 11,
which shows four identical engines operating simulta-
neously. The occurrence of such a distinct, bounded region
of the plume is widely referred to as operation in “jet mode”
and is characteristic of many high-performance thrusters.4
Although the “jet” region in the BHT-200 appears simply as
a bright plasma core, in many larger thrusters it appears as a
cone-shaped area with highly luminescent boundaries.5
One hypothesis that has been put forth to explain the
occurrence of a well-defined, cone-shaped jet is the develop-
ment of collisionless shock waves due to the convergence of
the ion beam from the annular discharge channel.4 It has
been shown that both the plasma properties in the plume and
the speed of the accelerated ions are consistent with the for-
mation of magnetosonic shock waves.5 To the authors’
knowledge, however, none of the Hall thruster plume data
published to date show conclusive evidence proving or dis-
proving the existence of a shock. The plasma potential pro-
files presented in Fig. 7 show a nearly discontinuous rise that
may support the shock hypothesis. Electron number density
and temperature data, on the other hand, show no such evi-
dence. These data then remain inconclusive as to whether or
not the appearance of collisionless shocks is responsible for
the well-defined structures observed downstream of most
high-performance Hall thrusters.
Finally, due to the uncertainty in whether or not colli-
sionless shocks exist in the thruster plume, it is prudent to
consider whether or not the observed rise in plasma potential
could be caused by other mechanisms. The first mechanism
that may account for this observation is the presence of the
ion-ion two-stream instability that results as the annular ion
beam converges on the thruster centerline. While this phe-
nomenon has been widely reported to be responsible for the
formation of collisionless shocks in counterstreaming
plasmas,16,17 it is entirely possible that such a mechanism
may cause sufficient dissipation to lead to a rise in plasma
potential without resulting in a true shock.5 Second, the rise
in plasma potential shown in Fig. 7 could be caused by the
formation of an electric double layer separating a high-
potential central core from the remainder of the plasma
plume. Due to the lack of direct evidence for a shock and the
presence of other possible explanations, it must be concluded
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feasible, but perhaps unnecessary, explanation for the ob-
served phenomena.
V. CONCLUSIONS
Plasma number density, electron temperature, and
plasma potential measurements taken in the plume of a low-
power Hall-effect thruster show these properties to obey the
relations of ambipolar expansion over a large spatial region.
Near the thruster centerline, however, the gradient of plasma
potential in the axial direction is larger than can be accounted
for by ambipolar expansion. Additionally, large radial gradi-
ents of plasma potential observed in the very-near-field
plume coincide with the boundaries of a visible plasma “jet”
and may indicate the occurrence of nonlinear phenomena
such as collisionless shocks near the thruster centerline. The
evolution of plasma parameters in this region remains par-
tially unexplained and represents a potentially fruitful area
for future study.
FIG. 11. Color online. Four low-power Hall thrusters in operation. Note
the bright plasma core visible along the centerline of each device.ACKNOWLEDGMENTS
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